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(54) Aircraft gas turbine engine bleed air energy recovery apparatus. 



@ An environmental control system for supply- 
ing aircraft or cabin air to an aircraft is provided 
with a propulsive engine compressor bleed sup- 
ply means (59) and an ECS bleed air flow 
control means (40) which includes an energy 
recovery means for using the unrequired or 
unused energy to pump boundary layer air from 
the surface of the aircraft, such as from the 
engine nacelle, and exhaust this air rearward of 
the engine to produce thrust, thus returning 
some of this unused energy to the propulsive 
engine. 
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BACKGROUND OF THE INVENTION 

Field of the Invention 

The invention relates to aircraft environmental 
control systems powered by gas turbine engines for 
supplying aircraft system bleed air for an aircraft en- 
vironmental control system. 

Description of Related Art 

Environmental control systems, commonly refer- 
red to as ECS systems, incorporate various pieces of 
equipment such as turbocompressors, regulating 
valves, heat exchangers, and other apparatus includ- 
ing what is referred to as an ECS pack to condition en- 
gine bleed air. Modern day jet aircraft use turbocom- 
pressors in the ECS packs of their environmental con- 
trols systems to condition bleed airfor use in the cabin 
wherein the turbocompressors are powered by the 
same bleed that is conditioned for cabin refreshing air 
and which is usually supplied by the gas turbine en- 
gines which provide aircraft propulsion. Other ECS 
systems employ auxiliary power units (APU's) that are 
separate gas turbine engines, not use for propulsion, 
to power ECS packs as well as other aircraft equip- 
ment. 

Bleed air is conventionally taken from the engine 
compressor at a stage downstream of the variable 
vane compressor stages so as not to interfere with the 
operation of the variable vane stages which greatly 
enhance the efficiency of the gas turbine engine and 
greatly reduces the specific fuel consumption (SFC) 
of the engine. The compressor bleed air is cooled by 
fan air in a heat exchanger conventionally referred to 
as a precooler and is then delivered to the environ- 
mental control system for controlling cabin air fresh- 
ness, pressure, and temperature. The ECS conven- 
tionally includes two or more ECS packs mounted in 
ECS bays on different sides of the aircraft which re- 
ceive compressor bleed air from the engines. The 
bleed after being used to power the ECS pack and re- 
fresh the cabin is then dumped overboard. All the en- 
ergy remaining in the bleed air dumped overboard 
cost fuel and therefore represents a significant loss in 
specific fuel consumption. 

Extraction of aircraft bleed air from the engine 
compressor has adverse affects on the propulsion cy- 
cle and engine life. Engine turbine power is needed to 
compress air and account for compressor inefficien- 
cy. Therefore, extra fuel consumption is always asso- 
ciated with gas turbine engine compressor bleed air 
(air which does not produce thrust). This extra fuel 
burned in the engine combustor results in higher gas 
temperature delivered to the engine turbine and re- 
duction of turbine blade life. Such penalties must be 
incurred in order that the engine turbine provide extra 
power associated with bleed air. 



It is not possible, without undue complexity, to al- 
ways bleed the engine compressor stage which pro- 
vides exactly the correct pressure needed for the air- 
craft anti-ice and ECS systems. Typically, only two 

5 bleed ports are provided. Therefore, the result is to 
bleed air which exceeds minimum pressure require- 
ments resulting in even higher penalty to the engine 
cycle than would be required by the aircraft systems. 
Most often the bleed air is not only at a higher than 

10 required pressure, it is also too hot. For reasons of fire 
safety, maximum bleed air temperature is usually lim- 
ited to 350 to 500°F. Temperature control requires 
cooling the bleed air with a precooler. Most modern 
engines use fan air to cool compressor bleed air. Use 

15 of fan air imposes an additional penalty on fuel con- 
sumption. Further, the precooler is usually large and 
requires a fan air scoop which produces drag. A typi- 
cal large turbofan engine will consume about 2% extra 
fuel and run at about 20°F hotter turbine temperature 

20 in order to provide aircraft system bleed air. The pres- 
ent invention addresses these problems and deficien- 
cies characteristic of the prior art and conventional ap- 
paratus used to supply aircraft bleed air. 

Figure 1 schematically illustrates an environmen- 

25 tal control system (ECS) typical of the prior art having 
a conventional compressor bleed supply system 10 
which extracts compressor bleed air from an aircraft 
propulsive gas turbine engine compressor section 8 
to flow to and power a conventional ECS pack 30, 

30 which is depicted using an air cycle refrigeration sys- 
tem to cool and condition compressor bleed air, as is 
typical of the prior art. Compressor bleed supply sys- 
tem 10 includes a compressor mid-stage air bleed 
port 1 1 and a compressor discharge air bleed port 12 

35 for supplying compressor bleed air through a com- 
pressor bleed air line 9. Bleed air normally flows 
through mid-stage bleed check valve 13 to shut-off 
valve 14. At low engine power, discharge bleed valve 
15 can be opened, causing check valve 13 to close 

40 and bleed air to be delivered from compressor dis- 
charge port 12 to shut-off valve 14. Bleed air pressure 
is reduced to a duct structurally safe level by pressure 
regulator valve 16. Bleed air passes through engine 
bleed air precooler 17, which cools compressor bleed 

45 air, using cooler fan air from engine fan 19, to a safe 
temperature level before passing through duct 18 
which is typically located in the aircraft wing near the 
aircraft fuel tanks. Fan cooling air from engine fan 19 
flows through a precooler temperature control valve 

so 21 upstream of precooler 17 and downstream of pre- 
cooler 17 fan air is then flowed overboard of the en- 
gine as indicated by arrow 17a. 

Having been partially reduced in both pressure 
and temperature, engine bleed air passes through 

55 duct 18 to ECS pack 30 for further temperature and 
pressure adjustment before introduction to aircraft 50 
including its cabin, cockpit, and cargo bays as re- 
quired. ECS flow control valve 31 drops bleed pres- 
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sure substantially so that the pressure losses across 
ECS pack 30 maintains the desired bleed flow from 
the engine to the aircraft. The pressure losses across 
ECS pack 30 and in particular flow control valve 31 
are very expensive in terms of fuel and thrust because 
of the energy spent compressing the bleed air. 

A portion of the bleed flow passes through an 
ECS refrigeration compressor 32 to a ram air heat ex- 
changer 33 then to an ECS refrigeration turbine 34. 
ECS refrigeration compressor 32 and ECS refrigera- 
tion turbine 34 are supplied as a single ECS turbo- 
compressor assembly wherein ECS refrigeration 
compressor 32 is a centrifugal compressor and ECS 
refrigeration turbine 34 is a radial inflow turbine. The 
pressure drop across ECS refrigeration turbine 34 
causes it to drive ECS refrigeration compressor 32. 

Heat is removed from the bleed air by heat ex- 
changer 33 which receives cooling air from a conven- 
tional ram air scoop 35a located on an outside surface 
of the aircraft and controlled by a ram air door 35. Ram 
cooling air is then dumped overboard as indicated by 
arrow 33a. Other portions of the bleed air bypasses 
ECS refrigeration compressor 32 through compressor 
bypass valve 36 or ECS pack bypass 37. ECS pack 
bypass air from valve 37 mixes with bleed air from 
ECS refrigeration turbine 34 for final temperature con- 
trol of conditioned ECS bleed supply air that is sup- 
plied to aircraft 50 through an ECS air supply line 54. 

Conditioned bleed air then flows to aircraft 50 for 
passenger flesh air consumption, cabin pressuriza- 
tion and temperature control. Temperature control is 
required to counter a varying cabin heat load 51 that 
includes aircraft skin cooling, solar heating, passen- 
ger body heating and electrical load heating. Part of 
cabin supply air 52 returns through re-circulation fans 
53 and mixes with conditioned ECS bleed supply air 
from ECS air supply line 54. Cabin pressure is control- 
led by an outflow valve 55 that dumps overboard, as 
indicated by arrow 55a. Air flow from outflow valve 55 
is essentially compressor bleed air taken from engine 
compressor section 8 and supplied to the aircraft. 

Another problem addressed by the present inven- 
tion relates to aerodynamic drag associated with en- 
gine nacelles, wings, pylons, tail sections and other 
aircraft outer surfaces. As air flows on to and over a 
surface such as an engine nacelle and aircraft wing it 
progressively builds up a low velocity boundary layer 
of increasing thickness. Within this boundary layer a 
portion of the velocity component of free stream total 
pressure is converted to increased static pressure. As 
the result of rise in static pressure, boundary layer 
thickness, and diffusion a point is reached where back 
pressure causes an otherwise laminar boundary layer 
to become turbulent. In the turbulent region, a consid- 
erable amount of total pressure is converted to static 
temperature represented thermodynamically as an in- 
crease in entropy. By the time the boundary layer 
leaves the surface, or in the particular case of an air- 



craft gas turbine engine, the end of the nacelle, an un- 
recoverable loss in total pressure has occurred. The 
large entropy rise associated with turbulence is at the 
expense of air momentum. Turbulence also gives rise 

5 to increased static pressure which may increase the 
intensity of rearward acting pressure force on the sur- 
face. Now, if the boundary layer thickness is kept 
small, separation and turbulence will not occur or will 
be delayed and drag can be substantially reduced. 

10 It is well known that one way to avoid increases 

or to reduce the build up in boundary thickness is to 
pump or bleed off boundary layer air through holes in 
the aircraft wetted surfaces such as the wing, tail, or 
portions of the engine nacelle. Boundary layer pumps 

t5 or compressors would be desirable from an aerody- 
namic standpoint but, because of the relatively large 
airflow rates and added weight and complexity asso- 
ciated with effective boundary layer pumping or 
bleeding, the concept has not been adapted in mod- 

20 ern aircraft and engines. 

A similar problem is addressed in, our copending 
European patent application EP-A-0459,816. 

Mechanically powered means for reducing 
boundary layer drag of various aircraft parts such as 

25 wings, nacelles, and aircraft tail assemblies are pro- 
posed in our British patent application UK-A- 
2242235, the aforesaid EP-A-0459,816 and UK-A- 
2247510. 

Our European patent application EP-A-0459815 
30 discloses a mechanically powered means of bleeding 
boundary layer air and reducing the drag of the aircraft 
by introducing at least a portion of the pressurized 
bleed air into the fan duct of the engine to reduce the 
base drag of the duct. 

35 

SUMMARY OF THE INVENTION 

Briefly, in accordance with one aspect of the pres- 
ent invention, an environmental control system for 

40 supplying aircraft or cabin air to an aircraft powered 
by a gas turbine engine is provided with a propulsive 
engine compressor bleed supply means and an ECS 
air flow control means which includes an energy re- 
covery means for returning the unrequired or unused 

45 amount of energy back to the engine. The ECS flow 
control and energy recovery means includes an air 
turbine powered by bleed air from the compressor 
bleed supply means and is mechanically linked in 
driving relationship to an auxiliary compressor that 

50 pumps boundary layer air from the surface of the en- 
gine nacelle and exhausts this air rearward of the en- 
gine to produce thrust. 

The air turbine includes a variable inlet nozzle 
and a means to control it which is in switchable fluid 

55 supply communication with sources of gas turbine en- 
gine compressor bleed air and provided with a means 
for ducting its exhaust flow to the environmental con- 
trol system ECS pack. The ECS pack includes a 
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means for producing a signal that is provided to a va- 
riable inlet control means for controlling the variable 
inlet turbine nozzle. 

In one embodiment of the invention, this invention 
provides a means for effectively and economically us- 
ing engine compressor bled air to power a nacelle 
boundary layer bleed compressor to bleed off laminar 
flow boundary layer air from the nacelle to reduce 
drag. 

Among the advantages provided by the present 
invention is the ability to eliminate waste of fuel and 
thrust such as that incurred in dropping the pressure 
of propulsive engine bleed air by ECS pack flow con- 
trol valves. The present invention provides a more ef- 
ficient aircraft gas turbine engine by using the energy 
in the compressor bleed air that is conventionally 
wasted. 

Another advantage of the present invention is that 
it allows the use of a lighter weight and more efficient 
and longer life aircraft gas turbine engine. 

The present invention's use of boundary layer air 
to precool compressor bleed air has the further advan- 
tage of eliminating a need for a drag producing fan 
cooling air scoop and reduces the size and weight re- 
quired for the precooler. 

By using the otherwise wasted energy of com- 
pressor bleed air to drive the boundary layer suction 
compressor the present invention is able to reduce 
engine nacelle boundary layer drag in a fuel efficient 
manner. Furthermore, this advantage can be opti- 
mized because boundary layer drag is a penalty that 
accumulates over the cruise portion of the flight envel- 
ope and is therefore an easy point to design for, 

These advantages and otherfeatures and advan- 
tages will become more readily apparent in the follow- 
ing description when taken in conjunction with the ap- 
pended drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The foregoing aspects and other features of the 
invention are explained in the following description, 
taken in connection with the accompanying drawing 
where: 

FIG. 1 is a schematic representation of a prior 
art ECS system for supplying engine bleed air to an 
ECS pack and conditioning it for use in an aircraft. 

FIG. 2 is a schematic representation of an air- 
craft propulsive gas turbine engine boundary layer 
bleed system for an aircraft propulsive gas turbine en- 
gine powered environmental control system (ECS) in 
accordance with the preferred embodiment of the 
present invention. 

FIG. 3 is a schematic representation of an en- 
ergy conserving ECS pack for use with the ECS of 
FIG. 2 in accordance with the preferred embodiment 
of the present invention. 



DETAILED DESCRIPTION OF THE INVENTION 

The present invention provides an ECS having an 
energy recovering compressor bleed flow control 

s means 40 as illustrated in FIG. 2. Schematically illu- 
strated in FIG. 2 is compressor bleed flow control 
means 40 used to control the flowrate of compressor 
bleed flow through duct 1 8 in FIG. 2 to an energy con- 
serving ECS pack 80 of FIG. 3 which is in accordance 

10 with the preferred embodiment of the present inven- 
tion. 

FIG. 2 schematically illustrates a part of an ECS 
including a compressor bleed supply means 59 that is 
partially controlled by compressor bleed flow control 

f5 means 40 to supply compressor bleed air to energy 
conserving ECS pack 80 in FIG. 3 through duct 18. 
Compressor bleed supply means 59 includes a mid- 
stage bleed port 61 and a compressor discharge 
bleed port 62 that bleed compressed air from corre- 

20 sponding stations in the compressor sections of an 
aircraft propulsive gas turbine engine 60 and are con- 
trolled by mid-stage and compressor discharge bleed 
control valves 61 A and 62A respectively. Compressor 
bleed supply means 59 supplies compressor bleed air 

25 to compressor bleed flow control means 40 that also 
serves as an energy recovery means that uses a por- 
tion of an unrequired or unused amount of energy to 
reduce boundary layer drag and return another por- 
tion of this unused amount of energy back to engine 

30 60 in form of thrust. 

The energy recovery means includes an air tur- 
bine 63 drivenly connected through a shaft to a 
boundary layer bleed compressor 64. Air turbine 63 Is 
preferably a single stage radial inflow turbine having 

35 a variable area turbine inlet nozzle 65. Turbine nozzle 
actuation means 66 receives a signal 83 from aircraft 
energy conserving ECS pack energy conserving 80 of 
FIG. 3 and opens and closes its exhaust area so as 
to vary and control the amount of bleed air taken from 

40 either mid-stage bleed port 61 or compressor dis- 
charge bleed port 62. Variable area turbine nozzle 65 
converts a portion of its supply pressure to high veloc- 
ity air appropriately directed on to the inlet of air tur- 
bine 63. Air turbine 63 converts this high velocity air 

45 to power which drives boundary layer bleed compres- 
sor 64. 

The drop in pressure from engine bleed port 61 or 
62 is thus converted to compressor drive energy while 
at the same time the amount of bleed air taken from 
so the engine is controlled by varying turbine nozzle 
area. 

In a conventional prior art bleed air arrangement, as 
shown in FIG. 1 and described previously, compar- 
able pressure drop would be simply throttled by ECS 
55 flow control valve 31 in FIG. 1 and energy would be 
lost. 

Boundary layer bleed compressor 64 pumps air 
through engine nacelle suction holes 67 from an air- 
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craft wetted surface represented in the preferred em- 
bodiment by a nacelle surface 68. Removal of bound- 
ary layer air through suction holes 67 prevents build 
up of a thick region of boundary layer stagnation and 
transition to turbulence, thus maintaining laminar flow 5 
over nacelle surface 68 and reduction in nacelle sur- 
face frictional drag. Reduction in drag permits engine 
60 to be operated at a lower level of thrust and there- 
fore burn less fuel. 

Boundary layer suction air from compressor 64 10 
flows to a precooler heat exchanger 69 where it cools 
and in return is heated by engine bleed air leaving tur- 
bine 63 for delivery to energy conserving ECS pack 80 
in FIG. 3 through duct 18 for eventual use by aircraft 
50 as what is commonly referred to as cabin air. f5 

Higher temperature boundary layer suction air 
then flows to thrust nozzle 71 where it exhausts at a 
velocity the same or slightly higher than aircraft flight 
velocity. So long as the amount of suction air does not 
exceed an amount which would cause an increase in 20 
free stream penetration into the stagnation region as- 
sociated with the laminar boundary layer, the ram 
drag penalty, due to change in momentum of the 
boundary layer air that is suctioned off, is essentially 
zero. Therefore, essentially all of the momentum as- 25 
sociated with air leaving nozzle 71 is available as pos- 
itive thrust. Therefore, energy derived from turbine 63 
is returned to the engine in the form of both drag re- 
duction and thrust increase. 

For conditions in which the demand of bleed air 30 
exceeds the capacity of nozzle 65 or turbine 63, bleed 
air may bypass turbine 63 through a bypass valve 72. 
Overpressure valve 73 provides overpressure protec- 
tion and shutoff as in the case of a conventional sys- 
tem. 35 

Precooler heat exchanger 69 replaces fan pre- 
cooler 17 of a conventional prior art ECS system 
(shown in FIG. 1) and is relatively small since com- 
pressor 64 requires less pressure ratio than the en- 
gine fan and therefore results in colder air into the cold 40 
side of the heat exchanger. Turbine 63 cools engine 
bleed air by work extraction before the bleed air 
reaches heat exchanger 69. After leaving heat ex- 
changer 69, the bleed air is substantially colder than 
it would be for a conventional prior art ECS system us- 45 
ing precooler 17 shown in FIG. 1. 

FIG. 3 schematically illustrates an energy con- 
serving ECS pack 80 in accordance with the preferred 
embodiment of the present invention for use with en- 
ergy recovering compressor bleed flow control means so 
40 as described above with the previous discussion. 
A flow sensor 81 is used to measure the amount of 
bleed air flowed from the engine compressor through 
duct 18. A controller 82 receives a flowrate signal 
through flow rate signal lines 81a and then sends an 55 
appropriate control signal 83 to turbine nozzle area 
actuator 66, as shown in FIG. 2, in response to a de- 
mand signal 84 received from the aircraft and the flow- 



rate signal. 

In order to reduce the bleed air supply pressure 
to the ECS pack and thereby provide more power to 
turbine 63 of FIG. 2, bypass valve 37 is opened to a 
maximum extent, thus reducing the amount of flow 
and associated pressure drop through the rest of en- 
ergy conserving ECS pack 80. This extra degree of 
bypass is made possible by the fact that the invention 
described previously by FIG. 2 provides colder air to 
energy conserving ECS pack 80. 

The remainder of ECS pack bleed airflows either 
through ECS refrigeration compressor 32 or compres- 
sor bypass valve 36. ECS refrigeration compressor 
32 must be bypassed through valve 36 when there is 
insufficient pressure drop across ECS refrigeration 
turbine 34 to power ECS refrigeration compressor 32. 

Ram air door 35 opens to provide ram air cooling 
air to heat exchanger 33 and proper temperature con- 
trol of compressor bleed air passing through ECS by- 
pass valve 37, compressor bypass valve 36, and ECS 
refrigeration compressor 32. The compressor bleed 
air then passes through ECS air supply line 54 to air- 
craft 50 (as shown in FIG. 1). Components and ar- 
rangement of energy conserving ECS pack 80 that 
are essentially the same as those in the conventional 
ECS system illustrated as prior art in FIG. 1 are lab- 
eled with the same numerals. 

The present invention provides a distinct advan- 
tage for improving specific fuel consumption by re- 
turning otherwise unused energy to the engine and 
using a variable area inlet nozzle turbine to drive a 
compressor for purposes of laminar flow suction, en- 
gine bleed air cooling and additional thrust from the 
suction air. An example of the magnitude of the ad- 
vantage that can be realized from the present inven- 
tion has been calculated based on the following typi- 
cal aircraft configuration and operating conditions. A 
McDonnell-Douglas MD-11 aircraft having two Gen- 
eral Electric CF6-80C2 engines, a 280-passenger 
load, and operating at a 35,000 foot cruising altitude 
at a point where each engine is conventionally oper- 
ating at a thrust level of 7919 pounds. It has been cal- 
culated that forthis typical configuration and these op- 
erating conditions that each of the two engines should 
have a 1 .3% improvement in engine specific fuel con- 
sumption (SFC). 

The present invention has been described in an 
illustrative manner. It is understood that the terminol- 
ogy which has been used is intended to be in the na- 
ture of words of description rather than of limitation. 
Unused engine bleed air energy in the form of pres- 
sure and temperature can be used to power a turbine 
and provide bleed airflow control, bleed air tempera- 
ture reduction, and useful power such as to drive a 
laminar flow suction air compressor. The same un- 
used energy might also power an air ejector for suc- 
tion flow or for other reasons. Turbine power might be 
used to drive a motor-driven compressorfor the same 
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advantages of the present invention or for other rea- 
sons. Obviously, these and many other modifications 
and variations of the present invention are possible in 
light of the above teachings. It is, therefore, to be un- 
derstood that within the scope of the appended 5 
claims, the present invention may be practiced other- 
wise than as specifically described. 



Claims w 

1 . An environmental control system (ECS) powered 
by an aircraft propulsive gas turbine engine hav- 
ing a compressor section, said ECS comprising: 

a compressor bleed air means to bleed 15 
compressor bleed airfrom the gas turbine engine; 

a compressor bleed flowrate control 
means in fluid supply communication with said 
compressor bleed air means for controlling the 
flowrate of compressor bleed air bled from the 20 
compressor of the propulsive gas turbine engine 
to an ECS bleed air refrigeration means, 

said compressor bleed flowrate control 
means including an energy recovery means com- 
prising an energy extraction and work conversion 25 
means for converting the extracted energy to use- 
ful work.in fluid supply communication with said 
bleed air supplied by said bleed air means. 

2. An ECS as claimed in claim 1 wherein said ener- 30 
gy recovery means comprises an air turbine pow- 
ered by the compressor bleed air and said energy 
extraction and work conversion means comprises 

an auxiliary compressor drivenly connected to 
said air turbine. 35 

3. An ECS as claimed in claim 2 further comprising 
a means for providing suction for an aircraft sur- 
face boundary layer bleed means wherein said 
means for providing suction includes said auxili- 40 
ary compressor. 

4. An ECS as claimed in claim 3 wherein said com- 
pressor bleed flowrate control means further 
comprises: 45 

a controller connected to a flow sensor to 
measure the flowrate of bleed airfrom said air tur- 
bine to said ECS bleed air refrigeration means, 

a cabin air demand signal means connect- 
ed to said controller, and 50 

a variable air turbine inlet controlled by 
said controller wherein said controller receives a 
flowrate signal through from said flow sensor and 
controls the amount of bleed air admitted to said 
air turbine by controlling said variable air turbine 55 
inlet in response to a cabin air demand signal re- 
ceived from said cabin air demand signal means. 
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